b Thiazolidinedione-8 (S-8) has recently been identified as a potential anti-quorum-sensing/antibiofilm agent against bacteria and fungi. Based on these results, we investigated the possibility of incorporating S-8 in a sustained-release membrane (SRM) to increase its pharmaceutical potential against Candida albicans biofilm. We demonstrated that SRM containing S-8 inhibits fungal biofilm formation in a time-dependent manner for 72 h, due to prolonged release of S-8. Moreover, the SRM effectively delivered the agent in its active form to locations outside the membrane reservoir. In addition, eradication of mature biofilm by the SRM containing S-8 was also significant. Of note, S-8-containing SRM affected the characteristics of mature C. albicans biofilm, such as thickness, exopolysaccharide (EPS) production, and morphogenesis of fungal cells. The concept of using an antibiofilm agent with no antifungal activity incorporated into a sustained-release delivery system is new in medicine and dentistry. This concept of an SRM containing a quorum-sensing quencher with an antibiofilm effect could pave the way for combating oral fungal infectious diseases.
T
he yeast Candida albicans is found as a commensal microorganism in the digestive tract of mammals (1) , as well as in the oral cavity of humans (2) . It is also the most common fungal pathogen in humans, causing both mucosal and systemic infections, particularly in immunocompromised individuals (3) . Several factors can predispose individuals to candidiasis, including prolonged treatment with antibiotics or corticosteroids, hormone therapy, or disorders like diabetes mellitus, nutritional deficiencies, or immunosuppressive diseases (4) . The oral cavity provides an optimal environment for a sessile microbial lifestyle, and Candida strains play a key role in influencing oral diseases. Hyphae and extrapolymeric material are fundamental to the fungal biofilm, due to their pivotal roles in structural integrity and adhesive capacity and their contributions to antifungal resistance. Biofilm formation is an important virulence factor in C. albicans pathogenesis (5) ; it involves attachment to the host cells and to abiotic surfaces, colonization, and the development of a mature biofilm structure composed of yeast cells, pseudo-and true hyphae, and extracellular matrix (3, (6) (7) (8) . In comparison to the susceptibility to fungicides of the planktonic form, the fungicide susceptibility of fungi immobilized in a biofilm is very low. This resistance is multifactorial and complex, involving (i) limited drug penetration into the biofilm due to the high density of the extracellular matrix, (ii) drug absorption or binding by the biofilm extracellular matrix, (iii) decreased growth rate, (iv) overexpression of genes involved in drug resistance, particularly those encoding efflux pumps, (v) and multidrug tolerance due to persistent cells (5, (9) (10) (11) .
Microorganisms have been found to exchange information among themselves. This cross talk is termed quorum sensing (QS). QS is associated with biofilm formation and the increased pathogenicity of fungi in biofilms (12) . Thiazolidinediones (TZDs) have been proposed as potential QS inhibitors in Vibrio harveyi (13) . Several TZD derivatives have also been tested for their ability to affect C. albicans pathogenicity (9) .
The currently accepted treatment regimens for oral candidiasis are clotrimazole (lozenges or troches), nystatin (tablets, lozenges, or pessaries), or miconazole (oral gel or buccal tablets) (14) , as well as amphotericin B, fluconazole, flucytosine, and ketoconazole (15, 16) . The main disadvantage of these common antifungals for candidiasis is their low substantivity and their potential side effects, especially on the oral ecosystem. Local sustained-release varnishes for prolonged release of drugs in the oral cavity have been developed with active agents such as chlorhexidine, cetylpyridinium chloride, triclosan, and fluorides (17) (18) (19) (20) (21) . Several sustained-release varnishes have been developed, and some are available for dental applications, mainly for the treatment and prevention of bacterial infections. However, only a few studies have described a sustained-release varnish containing a drug against oral candidiasis (22, 23) .
In previous studies, we demonstrated a specific antibiofilm effect and molecular mechanism of action of the TZD derivative thiazolidinedione-8 (S-8) in solution against C. albicans (7, 9) . In addition, S-8 was tested for mammalian toxicity in female ICR mice. The maximum tolerated dose (MTD) of S-8 following acute oral administration to ICR female mice was between 1,000 and 2,000 mg/kg of body weight (HBI study no. HUJ/020/AOT, Harlan Biotech, Israel). Based on these results, the aim of the present study was to investigate the possibility of incorporating S-8 into a sustained-release membrane (SRM-S-8) in order to increase its clinical potential. Integrating a drug into a polymeric matrix may affect its biological properties as an antifungal drug. We therefore examined the time-dependent effect, as well as the release mode of the sustained-release delivery system loaded with S-8, toward C. albicans biofilm. In addition, fungal biofilm architecture, thickness, and exopolysaccharide (EPS) production after exposure to SRM-S-8 treatment were analyzed.
MATERIALS AND METHODS

Synthesis of S-8.
The compound S-8 was synthesized in our laboratory and was characterized by nuclear magnetic resonance (NMR) analysis, boiling point, and elemental analysis using the same procedure as described previously (7) .
SRM-S-8. The SRM was prepared by dissolving ethyl cellulose (Dow Chemical Company, Midland, MI) and polyethylene glycol 400 (PEG-400; Dow Chemical Company) in absolute ethanol. The mixture was stirred overnight at room temperature. S-8 was added, and the mixture was stirred to homogeneity. To obtain a membrane, the varnish solution was poured into Teflon molds and dried overnight at 37°C. The membrane was then removed from the mold. The content of active agent in the SRM was calculated from the weight ratio of the drug and polymer used.
Release kinetics of S-8. Films of SRM-S-8 were cut into 1.7-by 1.7-cm squares. The films were immersed in 50 ml of distilled water containing 1% (wt/vol) sodium lauryl sulfate. The experiments were carried out at 37°C with shaking at 50 rpm. At the designated time points, samples were taken and the amount of drug released from the film was determined. The extraction mixture was maintained at sink conditions (the volume of the liquid the drug is released into is at least 10 times greater than the maximal solubility of the free drug). The experiments were performed in triplicate.
The amount of drug released was determined using an HP 1050 highpressure liquid chromatography (HPLC) system. The separation was performed on a Hypersil Gold C 18 column (4.6 by 250 mm, 5-m particle size; Thermo Scientific, Waltham, MA) at room temperature. The mobile phase consisted of acetonitrile/water (70:30, vol/vol), and the flow was set to 1 ml/min. S-8 was detected with a UV detector at 280 nm, and the amount released was calculated from a calibration curve that was linear between 1.5 and 100 g/ml.
Fungal strains and growth conditions. C. albicans SC5314 and C. albicans SC5314 carrying the green fluorescent protein (GFP) reporter gene (24) , kindly provided by J. Berman (Tel Aviv University, Israel), were grown for 24 to 48 h at 37°C on Sabouraud dextrose agar (SDA; Novamed, Jerusalem, Israel) plates. To prepare a standard cell suspension, a single colony was inoculated in YNB medium (0.67% [wt/vol] yeast nitrogen base without amino acids, 2% [wt/vol] dextrose; Difco, Sparks, MD) and incubated for 18 h at 30°C with agitation. The fungal cells were harvested by centrifugation, washed twice in phosphate-buffered saline (PBS) (pH 7.4), and resuspended at 5 ϫ 10 6 cells/ml. RPMI medium (Biological Industries, Beit Haemek, Israel) was used for biofilm assays at 37°C.
The effect of SRM-S-8 on biofilm formation. Amounts of 250 l of varnish solution with various concentrations of S-8 and a control without S-8 (placebo) were poured into a 48-well microplate and dried overnight at 37°C to form membranes under sterile conditions. SRMs were transferred into a new six-well microplate (Thermo Scientific). An overnightgrown culture of C. albicans was diluted in RPMI medium and added to the SRMs at 5 ϫ 10 6 cell/ml. Biofilms were grown for 24, 48, and 72 h at 37°C in RPMI medium. The SRMs contained 4, 16, 64, and 256 g (dry weight) of S-8 per milliliter of fungal inoculum (g/ml). For the 48-and 72-h incubation periods, the medium was changed every 24 h.
To evaluate long-term effects of S-8, SRMs were preincubated in RPMI medium at 37°C for 72 h, washed, and transferred to a new six-well plate. The SRMs were then incubated with C. albicans diluted as described above for 24 h at 37°C in RPMI medium. Placebo SRM or SRM-S-8 without fungi served as negative controls. The viability of planktonic candida in the supernatant fluid of the biofilms formed was examined by the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-5-tetrazolium-carboxanilide (XTT) reduction method (7).
The amounts of candida immobilized on the different SRMs were assayed as follows: after washing the biofilms three times with PBS to remove loosely adhering cells, the metabolic activity of the candida cells immobilized in the biofilms was checked by XTT reduction assay at each incubation time point. The results are presented as the percentages of biofilm formation in samples treated with SRM-S-8 compared to the biofilm formation in controls (placebo, taken as 100%). Assays were performed in triplicate and repeated three times.
The effect of SRM-S-8 on preformed biofilms. To investigate the effect of SRMs on preformed biofilms, C. albicans biofilms were allowed to mature for 24 h at 37°C as described above. The biofilms were washed twice with PBS. SRMs containing the same concentrations of S-8 as described above were then introduced into the wells. Fresh RPMI medium was added, and the plate was further incubated for 24 h at 37°C. The amounts of C. albicans biofilms, as well as of planktonic fungi, were determined quantitatively using a standard XTT reduction assay (Biological Industries) (7). The biofilm structure was visualized by using an aCOLade manual colony counter (Synbiosis, MD). The assays were performed in triplicate and repeated three times.
XTT reduction assay. Prior to each assay, XTT solution (Biological Industries) was thawed and mixed with N-methyl dibenzopyrazine methyl sulfate (PMS) (Biological Industries) solution at a ratio of 50 to 1 by volume. Wells with biofilms formed on membranes as described above were incubated with 60 l of XTT-PMS solution in 2 ml of PBS. To test planktonic cell viability, 60 l of the XTT-PMS solution was added to the supernatants, which were separated from the membranes and placed in a 96-well plate. Plates containing biofilms on membranes, and biofilms around the membranes, and supernatant fluids were then incubated in the dark for 12 h at 37°C according to the manufacturer's protocol. Following incubation, the color change in the solution was measured spectrophotometrically at 492 nm in a GENios plate reader (Tecan, Salzburg, Austria).
Morphology of biofilms around the SRM. SRMs with the concentrations of S-8 described above were placed in a 12-well polystyrene microplate (Thermo Scientific) and incubated with C. albicans in RPMI medium for 48 h at 37°C. Then, the SRMs were removed from the wells, and the biofilm formed next to the membrane was washed with PBS, followed by staining with 0.02% crystal violet for 45 min (25) . The wells were washed with PBS to remove residual crystal violet and dried overnight at room temperature. The fungal morphology in each biofilm was visualized under an Olympus CKX41 inverted microscope (Olympus, Tokyo, Japan) at ϫ400 magnification and photographed with an Olympus DP72 microscope camera. At least four random fields were observed and analyzed. Three independent experiments were performed.
CLSM of biofilms. SRMs with the same concentrations of S-8 as described above or placebo were placed in a black glass-bottom 24-well microplate (Ibidi, Martinsried, Germany) and inoculated with GFP-expressing C. albicans at 5 ϫ 10 6 cell/ml. Biofilms were allowed to form in RPMI medium for 48 h at 37°C. The SRMs were then removed and the biofilms next to them were washed with PBS and incubated for 45 min in PBS containing the fluorescent stain concanavalin A-Alexa Fluor 647 conjugate (ConA; 25 mg/ml) (Invitrogen, Carlsbad, CA). ConA (excitation wavelength of 650 nm and emission at 668 nm) binds to the glucose and mannose residues of cell wall exopolysaccharides (26) and fluoresces red. Stained biofilms (green for fungal cells and red for EPS) were observed with a Zeiss LSM510 confocal laser scanning microscope (CLSM) (Carl Zeiss, Oberkochen, Germany). Three-dimensional images of the biofilms and EPS distribution were constructed using Zen 2009 software (Carl Zeiss). At least three random fields were observed and analyzed. Three independent experiments were performed.
The amount of total EPS production in each sample was calculated as the intensity of the red fluorescence using Image J, version 3.91 (http://rsb .info.nih.gov/ij). The data are presented as total EPS production by C. albicans cells in each layer of biofilm (5 m). The percentages of total EPS production by biofilms treated with SRMs containing S-8 at 4 g/ml and 16 g/ml are presented as area under the curve (AUC) values and compared to the EPS production by biofilms treated with SRMs without S-8.
Statistical analysis. The means Ϯ standard deviations (SD) of the results of three independent experiments were calculated. The statistical analysis was performed using Student's t test with a significance level of P Ͻ 0.05 compared to the results for controls. Fig. 1 demonstrate the sustained release of S-8 from the SRM over 96 h. The release was time dependent, with 80% of the drug released within 60 h, after which the release rate decreased. Ninety percent of the drug loaded into the SRMs was released within 96 h.
RESULTS
Kinetics of S-8 release from the SRM. The results shown in
Effect of SRM on biofilm formation. Candida biofilm accumulation on and around the SRM was quantified by XTT assay. Membrane-associated biofilms were inhibited by S-8 in a doseand time-dependent manner (Fig. 2) . After 24 h of incubation, the half-minimal biofilm inhibitory concentration (MBIC 50 ) (the concentration of S-8 in the SRM that inhibited biofilm formation by 50% compared to that on control SRMs with no S-8) was recorded only at the highest tested dose of S-8 in the SRM (256 g/ml). Increasing the exposure time to 48 h resulted in a 4-fold reduction of the MBIC 50 dose, to 64 g/ml. A dramatic inhibitory effect of SRM-S-8 was observed after 72 h of incubation. At 4 and 16 g/ml S-8, the SRMs reduced biofilm formation by more than 50%. Increasing the SRM-S-8 concentration to 64 and 256 g/ml caused further pronounced inhibition (by 95%) compared to the results for the control membrane with no S-8 (Fig. 2) .
A similar inhibitory effect of SRM-S-8 on C. albicans biofilm formation was observed around the membrane. A decrease in the metabolic activity of the fungal biofilms was strongly associated with the incubation period (Fig. 3A) . Indeed, the MBIC 50 after 24 h of incubation was 256 g/ml S-8, while after 48 h, it was reduced to 64 g/ml S-8, and finally, after 72 h, it was 4 g/ml S-8 (Fig. 3A) .
We performed a temporal evaluation to determine whether the prolonged effect of SRMs was still maintained after 72 h. In this set of experiments, prior to 24 h of incubation with the fungi, SRMs (with S-8 and placebo) were immersed in fungal growth medium for 72 h. The antibiofilm effect of the SRMs on the membraneassociated biofilm was still maintained after the 72-h period of preincubation in growth medium. The MBIC 50 was recorded at a concentration of 64 g/ml S-8 in the SRM (Fig. 4) . Elevating the S-8 concentration to 256 g/ml further reduced biofilm formation, by 80% compared to the results for the placebo (Fig. 4) .
We further examined the effect of SRM-S-8 on mature biofilm. Preformed C. albicans biofilm was significantly attenuated in the presence of SRM-S-8 ( Fig. 5) . At concentrations of 4 g/ml (Fig.  5B ) and 64 g/ml (Fig. 5C ) S-8, the SRMs caused dose-dependent detachment of the preformed biofilms compared to the results for controls (Fig. 5A ). In accordance with the microscope observations, quantitative analysis using the XTT assay revealed that SRM-S-8 at the doses described above reduced the metabolic activity in developed biofilms by 16% (P Ͻ 0.05) and 66% (P Ͻ 0.05), respectively, compared to the results for the untreated control (Fig. 5D) . Thus, S-8 at 64 g/ml in SRM was recorded as the half-minimal biofilm eradication concentration 50 (MBEC 50 ) (the concentration of S-8 in the SRM that eradicates preformed biofilm by 50% compared to its eradication by control SRM with no S-8). The highest tested dose of S-8 in the SRM (256 g/ml) reduced mature biofilm by 72% (P Ͻ 0.05) compared to the reduction of biofilm by the untreated control (Fig. 5D) . None of the concentrations of SRM tested had any observable effect on fungal viability (data not shown).
SRM-S-8 alters fungal morphology. The effect of the SRM on biofilm morphology was monitored using light microscopy. SRM-S-8 caused a dose-dependent decrease in hyphal length (Fig.  3B to F) . Increasing the concentration of S-8 to 256 g/ml (Fig.  3F ) resulted in dramatic inhibition of the yeast-to-hypha transition. Moreover, the fungal mycelium density decreased with increasing S-8 concentrations compared to the mycelium density of fungi treated with the placebo (Fig. 3B to F) .
SRM-S-8 modifies biofilm architecture. Three-dimensional images constructed using CLSM showed notable alterations in C. albicans biofilm structure due to SRM-S-8 treatment. The thickness of the fungal biofilm was reduced dose dependently, by 15 m (22%) at 4 g/ml S-8 ( Fig. 6D to F ) and by 25 m (36%) at 16 g/ml S-8 (Fig. 6G, H , and I) compared to the thickness of biofilm treated with the control SRM (Fig. 6A to C) . Moreover, 16 g/ml S-8 in the SRM resulted in fungal biofilm with reduced biomass and density and a nonintact structure (Fig. 6H ) compared to the results for the control (Fig. 6B) . EPS formation and distribution within the biofilm were already moderately modified by 4 g/ml S-8 (Fig. 6F) , while a further increase to 16 g/ml S-8 resulted in a dramatic reduction of EPS (Fig. 6I ) compared to the results for the control (Fig. 6C) . In addition, total EPS, calculated as the AUC, was reduced by 21% by the lowest concentration of S-8 tested (4 g/ml) and was decreased 80% further at a concentration of 16 g/ml S-8 in the SRM compared to the total EPS with the control treatment (Fig. 6J) .
DISCUSSION
It is clear today that alternatives to the customary use of antifungal agents are greatly needed. Attempts to kill the fungi, as frequently performed today in cases of fungal infections, have numerous limitations. As much of the fungi's virulence is due to its accumulation on surfaces, a novel approach should involve a drug that interferes with the microorganism's biofilm-forming ability (27) (28) (29) . This effect can be maximized by sustained release of an effective agent.
Traditional treatments for oral candidiasis include topical and systemic routes. Topical antifungals are usually the drug of choice for uncomplicated, localized candidiasis (30, 31) ; these include oral gels, lozenges, or varnishes applied to treat denture stomatitis (32, 33) . The drugs amphotericin B, clotrimazole, flucytosine, miconazole, nistatin, itraconazole, and ketoconazole have been the mainstream antifungal regime therapies for many years. However, drug toxicity, the emergence of resistant strains, and low efficacy have limited their clinical use.
Several sustained-release formulations have been proposed for the treatment of oral diseases like tooth decay and periodontal diseases (17, 19, 34) . However, very few attempts to use this technology for potential antifungal treatments have been documented (35) . Studies have demonstrated an anticandidal effect of the fungistatic drug clotrimazole incorporated into sustained-release varnishes in vivo and in vitro (22, 23) .
Our study showed that S-8 incorporated into an SRM did not affect fungal viability; however, it did inhibit biofilm formation. This effect, at concentrations of up to 256 g/ml, is unique, as it influences the candida yeast in its ecological niche without the potential for the emergence of resistant strains. Similarly, finasteride, a human 5-␣-reductase inhibitor, was highly effective in the prevention of C. albicans urinary biofilm formation at doses of 16 g/ml and the treatment of preformed biofilms at doses of 128 g/ml, while it had no activity against fungal planktonic growth at up to 256 g/ml (36) . The effect of S-8 incorporated into the SRM was dose and time dependent. After 24 h of incubation with the fungi, the MBIC 50 was recorded at only the highest tested dose of S-8 (256 g/ml) incorporated into the membrane; however, prolonged fungal exposure to the SRM (up to 72 h) dramatically enhanced biofilm inhibition, by 64-fold (MBIC 50 ϭ 4 g/ml). These findings could be explained by the gradual release of S-8 from the SRM, leading to a cumulative inhibitory effect and supporting the prolonged activity of the formulation.
In addition, biofilm formation both on and near the membrane was similarly affected in a time-dependent manner. This indicates that the SRM is also effective at delivering the agent in its active form to locations outside the reservoir of the membrane. Since fungal infection is capable of spreading within the oral cavity, dispersal of the orally administered drug throughout the oral cavity is desirable.
The light microscopy images of immobilized C. albicans cells after exposure to different doses of S-8 in the SRM showed morphological changes in the candida cells exposed to the released S-8. The length of the fungal cells in the biofilms around the membranes was already shorter after exposure to the SRM with 16 g/ml S-8, whereas 256 g/ml S-8 caused drastic inhibition of the yeast-to-hypha transition. This observation is of clinical importance, as C. albicans is a dimorphic fungal pathogen that is capable of reversible transitions between yeast and hyphal forms. Morphogenesis is an important factor in C. albicans' lifestyle and pathogenicity (7) . Strains that are unable to perform the morphologic switch are hypovirulent in models of systemic candidiasis (37, 38) . For instance, it has been found that hyphal formation is necessary for C. albicans to accumulate in formed biofilms on medical devices (39, 40) . Various small molecules have been reported to alter the yeast-to-hypha transition in C. albicans (41) , making them potential candidates for the sustained-release delivery of antifungal drugs.
Although prevention of fungal biofilm is of the utmost importance, disruption of an existing biofilm is also of great clinical relevance. Our results showed that S-8 released from the SRM disrupted mature biofilm in a dose-dependent manner. This observation is in accordance with our previous study, in which S-8 in solution at a sub-MIC level caused significant detachment of C. albicans biofilm (7) . Mature fungal biofilms are difficult to eradicate, and they are much less sensitive to fungicides (42, 43) . The MBEC 50 for SRM-S-8 was recorded as 64 g/ml, while the formulation did not affect fungal viability and growth at that concentration. In contrast, commonly used antifungals can only affect mature biofilms at doses that are much greater than the MICs for planktonic cells. Biofilms from C. albicans strains were intrinsically resistant to fluconazole, with MICs of 0.25 to 16 g/ml versus MBEC 50 s of Ͼ1,024 g/ml (10). Other well-known antifungal agents showed much less activity against biofilms than against planktonic cells. The MICs for amphotericin B, flucytosine, itraconazole, and ketoconazole were determined to be 1.3, 0.2, Ͻ0.025, and Ͻ0.025 g/ml, respectively, while the MBEC 50 s were found to be 48.5 to 54.2, 20.7 to 42, 35.5 to 56, and 23.5 to 46.5 g/ml, respectively (44) . Furthermore, elimination of mature biofilms is of great clinical significance, since they are strongly related to device-associated Candida infections, including denture stomatitis (45) . Due to the slow release of S-8 by the membrane, the half-minimal biofilm eradication concentration (MBEC 50 ) was higher than the MBEC 50 of S-8 in solution detected in our previous study (7) .
The C. albicans biofilm architecture was dramatically impaired after exposure to the SRM containing S-8. Our data clearly showed a dose-dependent decrease in biofilm thickness, which could be explained by the differences in cell morphology observed by light microscopy, as well as differences in the amounts of EPS in samples treated with SRM-S-8 compared to controls. C. albicans biofilms secrete a thick layer of EPS, which is associated with immobilization and inhibition of antifungal drug penetration into the biofilm (46, 47) . A notable reduction in EPS production in biofilms exposed to SRM-S-8 can be related to the reduced biomass and modified morphology of the cells. A previous report on the ability of S-8 in solution to modify C. albicans biofilm-associated gene transcription (7) supports this notion, but further research is required. Although still far from clinical implementation, S-8, especially in the SRM pharmaceutical form, is a potential novel antibiofilm drug. Even the highest concentration of S-8 loaded into the SRM is still far below the maximum tolerated dose (MTD) tested in mice. Moreover, the drug is released from the SRM in a gradual sustained-release mode, and therefore, the amounts released are much lower than the maximal load of S-8 in the SRM.
A previous study (7) has demonstrated that S-8 in solution is able to inhibit the adhesion of C. albicans to mammalian cells. We have shown that S-8 is active after 72 h of release, therefore allowing a prolonged inhibitory effect on the invasion process of candida. Furthermore, the local sustained release allows better penetration of the agent to the epithelium. Similar to other SRMs (34), the antibiofilm/anti-quorumsensing delivery system, in the form of a varnish, can be applied on oral surfaces, including teeth, implants, restorations, orthodontic appliances, and soft tissues, as alternatives to conventional fungicidal regimes. The varnish is simple for a subject to apply at home and does not interfere with normal daily oral hygiene. In addition, further studies on the use of SRMs in other infection sites (bacterial and/or fungal), such as in catheters, implants, and feeding tubes, can be projected.
Our previous study showed that S-8 and the C. albicans QS molecule farnesol exert antibiofilm activity and inhibit the yeastto-hyphal transition by similar mechanisms, i.e., repressing mitogen-activated protein kinase and cyclic AMP-protein kinase A signaling pathways and stimulating the expression of hyphal suppressor genes like TUP1 (7). In addition, thiazolidinediones (TZDs) have been proposed as potential QS inhibitors for the bacterium Vibrio harveyi (13) . Given all of the findings described above, we propose that one of the possible modes of the antibiofilm action of S-8 toward fungi could be interference in the fungal QS cascade, as it may directly or indirectly interact with the synthesis and/or activity of C. albicans QS molecules. Further research is needed in order to evaluate the precise mechanism of the antibiofilm action of S-8 as an anti-QS molecule.
The concept of using an antibiofilm agent incorporated into a sustained-release delivery system is novel in medicine and dentistry. Our formulation of an SRM containing a QS quencher with an antibiofilm effect presents a promising avenue for combating infectious fungal diseases in the oral cavity.
